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Abstract A nanocomposite coating, based on Glycidioxypropyltrimethoxysilane and Aminoethylamino-
propyltrimethoxysilane, was prepared using silica nano particles in a sol-gel process by the addition of
silica suspension. The good level of adhesion was attributed to the formation of Si-O-Si bonds between
the coating and the substrate. Moreover, another factor in improving adhesion was linked to the tendency
of silica particles to form aggregates in the continuous phase. Thismorphology enhances the organic phase
mobility of the coating, which leads to flexibility of the coating in stress support and improving adhesion.
In order to evaluate the hypothesis, the relaxation properties of this coating were compared with those of
a coating synthesized by in situ polymerization of tetramethoxysilane by means of Dynamic mechanical
thermal analysis. The results proved the validity of the theory that silica particles of the coating prepared
with silica suspension tend to form aggregates and produce particle-matrixmorphology, which allows the
organic phase to find further mobility. Scanning Electron Microscopy was employed to monitor the sur-
face of the coating. The Atomic Force Microscopic technique was used to monitor the surface roughness
of the coating. Transmission ElectronMicroscopy showed that the dimension of silica particles remains at
nano scale.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The sol–gel process, also known as chemical solution depo-
sition, is a wet-chemical technique widely used in the fields of
materials science and ceramic engineering. The startingmateri-
als, such as metal alkoxides, are usually inorganic metal salts or
metal organic compounds, which are used in the preparation of
the ‘‘sol’’. In a typical sol–gel process, the formation of a colloidal
suspension or a ‘‘sol’’ is the result of subjecting the precursor to
a series of hydrolysis and polymerization reactions.
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Open access under CC BY-NC-ND license.Fabricating advanced materials in a wide variety of forms
becomes possible by utilizing the sol–gel process: ultrafine or
spherical shaped powders, thin film coatings, fibers, porous
or dense materials, extremely porous aerogel materials and
functional hybrid coatings [1,2].
Organic–inorganic hybrid coatings have attracted increased
interest because of containing both organic and inorganic com-
ponents that may usefully combine individual material charac-
teristics, such as the lowdensity, flexibility and processability of
the organic phase, together with the thermal stability, strength
and rigidity of the inorganic phase. The flexible chemical ap-
proach of combining organic and inorganic materials opens the
possibility of achieving new multifunctional materials like ex-
tremely high scratch resistance, corrosion resistance and anti-
soiling and antifogging properties. For example, abrasion resis-
tance is improved by the homogenous incorporation of metal
oxide particles with particle sizes less than 50 nm; and anti-
soiling coatings can be produced by the incorporation of per-
fluorinated groupings to decrease energy surfaces and antifog
coatings can be prepared by increasing the hydrophilicity of the
surface of the coating [3,4].
Several investigations have been conducted on hybrid coat-
ings to produce the antifogging effect. Schmidt et al. produced
antifog coatings using components containing epoxy silane
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ing reaction of the epoxy group in the epoxysilane, along with
the use of a non-ionic surfactant, can help to retain the an-
tifogging effect for a long time. Yamini et al. reported develop-
ing an antifog coating by mixing appropriate ratios of organic
silanol coupling agents and inorganic components, comprised
of a hybrid mixture [8]. He and his coworkers reported that as
monoacrylates can transfer strong adhesion to the substrate,
hydrophilic surfactants are used to improve antifogging behav-
ior [8]. Song et al. synthesized hydrophilic coatings by adding
glycidoxypropyltrimethoxysilane to the colloidal silica suspen-
sion [9]. They also found out that the coatings were more hy-
drophilic under acidic conditions. Several other investigations
have shown an increasing hydrophilicity of the surface by en-
hancing the polarity of the coating surface [10–12].
In the present work, we have prepared a hydrophilic hybrid
coating by incorporation of glycidoxypropyltrimethoxysilane,
aminoethylaminopropyltrimethoxysilane and silica colloidal
suspension as silane agents. Ethylendiamine was also used
to improve the ring opening reaction of epoxysilane. The
hydrophilicity of the coating was measured by contact angle
experiments. In order to evaluate the adhesion of the coating,
Scanning Electron Microscopy (SEM) was used to observe
the interface of the coating and the substrate. Atomic Force
Microscopy (AFM) and Transmission Electron Microscopy
(TEM) were used to evaluate silica particle dimensions in the
coating.
The other aim of this work is to evaluate the influence of
the relaxation properties of the coating prepared with silica
suspension on the flexibility and adhesion of the coating. In
order to reach this aim, we compared the tan (γ ) peak of the
loss spectrum of the coating mentioned above with that of a
coating synthesized by in situ silica polymerization, published
elsewhere [11].
2. Experimental
2.1. Synthesis
3-glycidoxypropyltrimethoxysilane (GPTMS), aminoethy-
laminopropyltrimethoxysilane (AEA), Trimethoxysilane (TMOS)
were obtained from Fluka. Ethylene Diamine (ED), methanol
(MeOH) and hydrochloric acid (HCl) were supplied by Merck.
A commercial silica suspension (Ludox-LS, Aldrich, Dubai) was
used to prepare the hydrophilic coating solution. Ludox-LS con-
sisted of 30% silica colloidal particles (12 nm average diame-
ters) and 70% water. Polyoxyethylene louril ether (Brij30) was
used as surfactant and purchased fromAldrich. Glass substrates
were provided from a sail brand company as slides of soda lime
glass, which were used as coating substrates. The dimension of
25.4 mm× 76.2 mm× 1.2 mmwas used as a glass substrate in
SEM, and contact angle measurements. Moreover, a glass with
the dimension of 5 mm × 15 mm × 0.3 mm was used as the
substrate in DMTA experiments.
In order to prepare the coating, GPTMS was co-hydrolyzed
with silica suspension for 3 h at 80 °C under acidic conditions
(i.e., pH = 2) and vigorous stirring. The solution was allowed
to cool to 25 °C. ED was added to the clear and transparent
sol solution and stirred for 10 min at room temperature. Then
AEA was added to the sol solution and left under stirring
for 10 min. After stirring with surfactant for 10 min, the sol
solutionwas applied on a cleaned glass substrate by dip coating.
After remaining 24 h in the ambient temperature, the coated
substrate was cured for 1 h at 130 °C. It should be mentionedTable 1: Molar ratio of materials for preparing coating prepared
with silica suspension and the coating synthesized with in situ silica
polymerization.
H2O/(SiO2) MeOH/SiO2 GPTMS/SiO2 ED/GPTMS AEA/SiO2
2 10 2 0.5 0.1
that the substrateswerewashedwith alkaline detergent, rinsed
with deionized water and methanol, respectively, and dried in
a hot air current before applying the coating solution.
In order to synthesize the coating with in situ silica
polymerization, all synthesis procedure stages are similar to
that of the coating mentioned above, but the silica suspension
was replaced with TMOS. The material molar ratio of both
coatings is reported in Table 1, in which SiO2 represents either
TMOS or colloidal silica suspension for each coating.
2.2. Characterization
The SEM technique was performed on a Cambridge S360
microscope using a back scattered or a secondary electron
image detector at 20 KV and 2.85 A probe current. Prior
to observation, samples were fractured in liquid nitrogen,
and then coated with gold. The distribution of Si atoms on
the surface and cross section of hybrid coatings on glass
substrates was obtained by SEM EDX mapping (LEO 440).
According to ASTM E1640, the constant frequency (1 Hz) and
the temperature range from −100 to 200 °C, with a heating
rate of 5 °C/min under nitrogen atmosphere, were used in
DMTA measurements, using DMTA-PL instrument in single
cantilever bending mode. AFM (NT-MDT) operated at ambient
atmosphere was used to study the surface topography of
the hybrid coatings. The integral Si3N4 tips and rectangular
cantilevers, with gold reflecting coating on the back side
used for the AFM measurements, had a spring constant of
∼0.1 Nm−1, and the contact force used for imaging between tip
and surfacewas typically∼1.5 nN. TheAFM topographic images
presented here were acquired in the constant force mode. The
contact angles of water were measured by G10 KRUSS at room
temperature. In order to measure the contact angle between
the water and the coating, the averaged value of water droplets
placed at five different positions of one sample was adopted as
the contact angle. The size of attachedwater dropletswas about
5µl and themeasurementwas performed after 1min of droplet
placing. In addition, using Owens and Wu methods [13,14], the
surface free energy was studied. The TEM image was obtained
by Philips EM 208, H-7100. In order to prepare samples for the
TEM experiment, the grid was placed on a glass substrate and
then the coating solutionwas put on this substrate. After curing
in the appropriate temperature, the coated gridwas used for the
TEM experiment.
3. Results and discussion
3.1. Contact angle
The wettability of the coating film was evaluated by
contact angle measurements with water. The contact angle
measurements were carried out using probe liquids rather than
water on the coatings. The properties of the liquids have been
collected in Table 2.
Contact angle measurements of the coating with water
showed that the contact angle of the coating is 43.2°, but
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contact angle measurements [13,14].
Liquid γ1 γ d1 γ
p
1
Water 72.3 18.7 53.6
Formamide 59. 39.4 19.6
Glycerin 65.2 28.3 36.9
Table 3: The results of interfacial energy obtained by Wu
method (mN/m2).
Method γ p γ d γ
Owens-Wendt 35.5 17.4 52.9
Wu 34.3 24.1 58.4
after incorporation of the nonionic surfactant, it reaches 15°.
One possible explanation is that the polarity of the surface of
the coatings is dependent on polar groups, such as OH and
NH, presented on the surface. These polar groups are formed
by ring opening reactions of GPTMS and amine groups in the
organic phase of the coating and cause the coating to exhibit a
hydrophilic character. However, the higher amount of contact
angle in the coating with surfactant, in comparison with one
without surfactant, is caused by releasing surfactant to the
surface controllably. In fact, the interfacial tension of condensed
water is diminished by the released surfactant, which increases
the hydrophilic effect [15].
The values of the polar (γ p) and dispersive (γ d) components
of the surface tension were obtained by the Owens and
Wu equations [13,14] in order to gain more information
on the surface tension of these coatings. The results of the
energy calculation by these two methods on the coating
surface are presented in Table 3. This table shows the polar
(γ p) components have a higher value, and dispersive (γ d)
components of the surface tension possess a lower value. The
presence of the high value of the polar component supports
the existence of polar groups, such as NH and OH, which are
formed by the ring opening reaction of GPTMS and reactions
with aminosilane, leading to hydrophilic properties of the
coating [6].
3.2. SEM
The SEM techniquewas employed to observe the surface and
flat fractured surface of the coating. Figure 1 shows the SEM
micrograph of the surface of the coating. It can be seen that
that particle distribution of the coating is uniform and particle
dimension is small, without leading to the formation of large
clusters. It can be attributed to goodmiscibility betweenorganic
and inorganic phases of the coating, which lead to the uniform
distribution of organic and inorganic parts in the coating.
Monitoring of interfacial surface adhesionwas carried out by
investigation on the SEMmicrograph of the fractured surface of
the coating in Figure 2. From this figure, a good level of adhesion
can be observed, as no crack and gap are formed in the interface
between the coating and glass substrate. The good level of
adhesion between the coating and the substrate is attributed to
the formation of Si–O–Si bonds between silica particles of the
coating and that of the substrate.
The other factor in improving adhesion between the coating
and substrate is the possibility of the organic phase mobility
of the coating, which can play a role in the stress support
of the coating. Hajji et al. have found that silica particles inFigure 1: Surface SEM micrograph of the coating.
Figure 2: Fractured surface SEM micrograph of coating.
the sol that contains colloidal silica suspension tend to form
aggregates in the continuous phase [16]. This morphology lets
the coating find further molecular mobility and flexibility,
which ultimately leads to enhancing adhesion. In order to
support this hypothesis, DMTA tests were conducted on the
coating in the following section.
3.3. DMTA
Dynamic Mechanical Thermal Analysis (DMTA) was used to
characterize thermomechanical properties of the materials and
to probe morphology. The DMTA tests were conducted on the
coating prepared with silica suspension, and the coating that
was synthesizedwith in situ silica polymerization (as described
in Section 2.1) to study the relaxation properties of the coatings.
The storagemodulus of the coating prepared with silica sus-
pension and one synthesized with in situ silica polymerization
is illustrated in curves ‘‘a’’ and ‘‘b’’, in Figure 3, respectively.
From curve ‘‘a’’ in Figure 3, it can be observed that the coat-
ing prepared with silica suspension has found a high level of
storage modulus, which is attributed to strengthening effect of
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(curve a) and in situ silica polymerization (curve b).
silica particles on the reinforcing effect of the coating and good
miscibility between the organic and inorganic phases. However,
from the comparison of the storagemodulus of the coating pre-
pared with silica suspension, curve ‘‘a’’, and that of the coating
synthesized with in situ silica polymerization, curve ‘‘b’’, it can
be found that the storage modulus of the former coating stands
at a lower level than that of the latter. Indeed, the occurrence
of hydrolysis and condensation reactions of TMOS and GPTMS
at the same time, in the coating synthesized with in situ silica
polymerization, improves the interpenetration of the organic
phase in the inorganic one. Moreover, a higher value of robbery
plateau-modulus of the coating synthesized with in situ silica
polymerization in comparison with that prepared with silica
suspension, is also attributed to the stronger network of the for-
mer coating, due to the further proceeding of the homogeneous
distribution of the organic phase in the inorganic network.
The loss spectrum of the coatings prepared with silica
suspension and in situ silica polymerization is illustrated in
the curves ‘‘a’’ and ‘‘b’’ in Figure 4. It can be seen that
through the temperature range of study, the relaxation in both
coatings occurs as a series of relaxation peaks, which is due
to the distribution of organic phase in the inorganic network.
However, the higher amplitude of relaxation and the larger
magnitude of tan (γ ) peaks in the coating prepared with silica
suspension, in comparison with that of the coating synthesized
with in situ silica polymerization, is an indication of organic
phase mobility in this coating. The organic phase mobility in
the coating prepared with silica suspension is the result of
the presence of classical particle-matrix morphology and the
lower extent of connectivity between organic and inorganic
phases [16]. But, the development of a series of relaxation peaks
with lower amplitude in the coating synthesized by in situ
silica polymerization can be attributed to the presence of a
more completed bi-continuous polymer-silica network, which
induces the motional hindrance of the organic phase among a
number of silica nodes.
3.4. Silica particles’ dimension investigation
The Atomic Force Microscopic (AFM) technique was used
to monitor the surface roughness of the coating prepared with
colloidal silica suspension. Figure 5 indicates the AFM image of
the coating. As seen in Figure 6, the maximum height of the
coating is in the order of 200 and 250 nm, which indicates the
homogeneous distribution of the organic network in the silica
phase.Figure 4: Loss spectrum of the coating prepared with silica suspension (curve
a) and in situ silica polymerization (curve b).
Figure 5: AFM image of the coating.
Transmission Electron Microscopy (TEM) was employed to
study silica particle dimensions. Themicrograph is presented in
Figure 6. Figure 6 shows that the silica particles in the coating
are homogeneously distributed in the organic phase in most
regions of themicrographwith spherical particles of silica close
to 50 nm in diameter. However, the formation of silica particle
aggregation can be seen in some points of the micrograph,
which can be attributed to the particle-matrix morphology of
the coating.
4. Conclusion
A hydrophilic nanocomposite coating has been prepared
by incorporating GPTMS, AEA and silica suspension. Contact
angle measurements verified the hydrophilic character of the
coating. The hydrophilicity of the coating is attributed to the
presence of polar groups, such as OH and NH, on the surface
of the coating. The addition of surfactant to the coating solution
improved its hydrophilicity remarkably, due to the controllable
release of surfactant to the surface. The SEM micrograph of
the surface of the coating showed that silica particles were
distributed homogenously. To evaluate the adhesion of the
coating, SEMmicrographs of the fractured surface of the coating
were investigated. A good level of adhesion was concluded
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from the formation of any gap or crack between the coating
and the substrate. The improvement in adhesion properties
of the coating was attributed to the formation of Si–O–Si
bonds between the coating and the substrate, as well as to
the organic phase mobility and flexibility properties of the
coating in the stress support of the sample. The organic phase
mobility of the coating is produced by the particle-matrix
morphology of the coating, which contains colloidal silica
suspension. In order to assess this hypothesis, DMTA tests were
conducted on the coating prepared with silica suspension and
a coating synthesized with in situ silica polymerization. The
results showed the higher amplitude of relaxation and the
larger magnitude of tan (γ ) peaks in the coating prepared
with silica suspension, in comparison with that of the coating
synthesized with in situ silica polymerization. This evidence
shows further organic phase mobility in the former coating,
due to the lower extent of connectivity between organic and
inorganic parts of the coating. However, the coating synthesized
with in situ silica polymerization exhibited further restrictions
in the molecular mobility of the organic phase, due to the
occurrence of the interpenetration of organic and inorganic
phasesmore completely. TEM and AFM studies showed that the
dimensions of the silica particles remain at the nanoscale.
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